Results of a blind test of photometric redshift predictions against spectroscopic galaxy redshifts obtained in the Hubble Deep Field with the Keck Telescope are presented. The best photometric redshift schemes predict spectroscopic redshifts with a redshift accuracy of |∆z| < 0.1 for more than 68 percent of sources and with |∆z| < 0.3 for 100 percent, when single-feature spectroscopic redshifts are removed from consideration. This test shows that photometric redshift schemes work well at least when the photometric data are of high quality and when the sources are at moderate redshifts.
Introduction
Photometric redshift prediction techniques, in which galaxy redshifts are estimated using only broad-band photometric information, promise the acquisition of large numbers of redshifts of very faint sources with comparatively little telescope time, at least relative to performing a spectroscopic survey to comparable depth. The idea dates back to Baum (1962) who used nine-band photoelectric photometry to (essentially) locate the 4000Å break in elliptical galaxies. Loh & Spillar (1986) generalized this technique, with 6-band CCD photometry, to apply to a wide range of galaxy types. With only four photographic bands, Koo (1985) was able to estimate redshifts from colors after plotting lines of constant redshift on color-color plots.
In the astronomical community, there is some perceived skepticism that photometric redshift estimation schemes are reliable or have been tested fairly. This skepticism may not appear in the literature or be well-justified by demonstrated failings in photometric redshift techniques; however we feel that it is strong enough to motivate a blind test of the methods. In this paper, the results of such a test are presented. The test was administered by three of us (DWH, JGC, RB) with no stake in the outcome.
For data, the imaging and spectroscopy of the Hubble Deep Field (HDF, Williams et al 1996) was chosen. The reasons for this include that it has been imaged to enormous depth in the F 300W , F 450W , F 606W , and F 814W bandpasses (close to U , B, V or R, and I) with the Hubble Space Telescope (HST), that it has been imaged from the ground in the near-infrared J, H and K bandpasses (Hogg et al 1997; Dickinson 1997) , and that there are various spectroscopic surveys underway in the field (Cohen et al 1996; Steidel et al 1996; Lowenthal et al 1997) which can be used to train or develop photometric prediction methods.
There are three respects in which this is not the most stringent test on the photometric redshifts. The first is that the number of sources is small. Only 27 new sources in the HST image of the HDF had spectroscopic observations by the time the blind test was announced, so only this sample was available for the test. After reduction and analysis, only 21 of these have high-quality redshift determinations. The second is that the observational concentration on the HDF has been so intense that the photometric database is of much higher quality than that of any other existing field or any likely to exist in the near future. The third is that the spectroscopic redshifts used in the blind test are taken from a magnitude limited survey of normal galaxies (Cohen et al 1996; underway with the LRIS instrument (Oke et al 1995) on the Keck Telescope. This survey, like most of its type, has difficulty identifying sources with redshifts in the range 1.5 < z < 2.5 because of the lack of strong spectral features in the visual region free of strong night sky emission. So the present work cannot test photometric redshift prediction techniques in this crucial redshift range, where perhaps they are most promising as a revolutionary tool in cosmology. On the other hand, this test is in one respect more stringent than previous tests: the sources employed for this blind test are on average fainter than those in the "training set," which is primarily the 1996 HDF redshifts (Cohen et al 1996) .
Data and blind-test procedure
During the 1997 February 6 and 7 runs on the Keck II Telescope, 27 sources in the HST-imaged region of the HDF were observed spectroscopically with the LRIS instrument as part of the survey of Cohen et al (1996 Cohen et al ( , 1997 . The positions but not redshifts of the 27 sources were announced by email to the HDF follow-up community on 1997 March 17, along with a call for photometric redshift predictions. The sources are listed in Table 1 , along with chip numbers (in the HST HDF images), x, y positions (in the "Version 2" reductions of the HST HDF data), magnitudes and spectroscopic redshifts z based on a fast-pass reduction of the spectra. These and other HDF redshifts, along with details of selection and observing, will be published in Cohen et al (1997) . Briefly, the sources all have R < 24 mag and were spectroscopically observed with the same instrument setup as that described in Cohen et al (1996) . The magnitudes in Table 1 are Vega-relative and measured through 1.5 arcsec diameter apertures centered on the sources; they are provided only as rough flux estimates. Two sources have redshifts based on a single emission line assumed to be the [O II] 3727Å line, and two have redshifts based on a weak break assumed to be the 4000Å break. These four spectroscopic redshifts are deemed less certain and indicated in Table 1 and the results. Details of the spectroscopic analysis will be presented by Cohen et al (1997) .
By the close of the deadline on 1997 April 25, six photometric-redshift groups had submitted predictions. After the results were presented at a meeting in 1997 May (Hogg, Cohen & Blandford 1997) , five groups agreed to participate in this summary paper.
Prediction schemes
The photometric prediction schemes for the participating groups are described in this Section, listed in the order in which the entries to the blind test were submitted.
Victoria
The Victoria method (Gwyn & Hartwick 1996) uses the standard template fitting method described in Gwyn (1997) , although with modified templates. A spectral energy distribution (SED) is derived from the U BRI photometry of the HDF for each galaxy. This SED is compared to a series of redshifted templates. Two sets of templates are used: The model spectra of Bruzual & Charlot (1993, hereafter BC) and the empirical spectra of Coleman, Wu & Weedman (1980 , hereafter CWW, as extended by Ferguson & McGaugh 1994 . The former (BC) spectra have the advantage that they extend further into the UV and consequently can be used at higher redshifts. The latter (CWW) spectra were found to produce more accurate redshifts where they can be used (that is at low redshift). Both sets of templates are corrected for intergalactic absorption using the prescription of Madau (1995) . Use of the CWW templates and correction for intergalactic absorption represent two important improvements over the technique employed in Gwyn & Hartwick (1996) . As a first cut, a photometric redshift is determined by comparing the observed SED to the redshifted BC templates. Then, if this redshift is z < 1.5, it is discarded in favor of a photometric redshift determined using the CWW templates.
Imperial College
The photometric redshifts of the Imperial College group are estimated by comparing observed SEDs with model SEDs for different populations of galaxies, shifted to different redshifts. This is performed in the following steps: (1) The observed SEDs of individual galaxies are established, using the U, B, V and I-band observations of the HDF. The U-band data is crucial for locating the 4000Å break. (2) Model SEDs corresponding to 4 template spectra (elliptical, spiral, irregular and starbursts) are constructed following recipes described by Mazzei et al (1994; 1995) . These SEDs are extended from the far ultraviolet to 1 µm wavelengths and incorporate stellar emission, internal extinction and re-emission by dust. At the rest-frame these fit the observed SEDs of local galaxies of their respective type. These models, computed using the evolutionary population synthesis technique, assume a star formation rate and the initial mass function, permitting calculation of the template SEDs at different redshifts. The model parameters are then constrained by fitting the SEDs of a sample of 53 galaxies in the HDF with spectroscopic redshifts (Cohen et al 1996; Steidel et al 1996) . The rms scatter between the photometric redshifts and their spectroscopic counterparts (Cohen et al 1996; Steidel et al 1996) is found to be 0.11. The final models correspond to formation redshifts z f = 5 (13 Gyr) for ellipticals, 2 (10-11 Gyr) for spirals, 1 (0.8-0.9 Gyrs) for irregulars and 5 (13 Gyr) for starbursts (Taking H 0 = 50 km s −1 Mpc −1 and q 0 = 0.5). A detailed description of the model SEDs is given in Mobasher et al (1997) . (3) A matrix with elements consisting of the template SEDs for the 4 types of galaxies, shifted in redshift space, is generated with the evolutionary models. The redshift and spectral type corresponding to the template SED closest to the observed SED are associated with each galaxy. A detailed description of the technique is given in Mobasher et al (1996) .
In the original blind test, because of a coordinate system discrepancy, the list of sources submitted by the Imperial College group did not match the list presented in the call for entries to the test. After the results were presented, the Imperial College group submitted photometric redshifts for the correct list of sources. In principle this compromises the blindness of the test although no modification was made to the Imperial College photometric redshift prediction technique between the first and second submissions.
Toronto 4-color
The Toronto 4-color predictions are the redshift estimates of Sawicki et al (1997) . This method uses the 4 HST filters to measure the colors of each galaxy, and automatic morphological classification to weed out stars. Redshifts are determined by comparing the observed colors with those of a set of model templates. The templates were computed on the basis of the empirical z ∼ 0 spectral energy distributions of CWW; these SEDs have been augmented and extended into the UV by grafting on the spectral shapes of Bruzual & Charlot (1993) ; they were then UV-supressed using Madau's (1995) prescription for high-redshift intergalactic H continuum and line blanketing; the resultant SEDs were convolved with instrumental response curves to produce model colors. For each object, the best-matching template and, hence, redshift and spectral type, are chosen by χ 2 minimization of the observed fluxes with respect to the model colors.
Toronto 7-color
The Toronto 7-color method is identical to the Toronto 4-color method except that (a) 3 IR filters (I, J and K; Dickinson et al. 1997 ) are added and (b) for the purposes of measuring galaxy colors, the seeing in the 4 HST images is degraded to make them compatible with the ground-based IR data. The inclusion of the IR data decreases the confusion between the various spectral breaks -in particular the Balmer and the 912Å break -and thereby increases the accuracy of photometric redshifts.
Johns Hopkins
Because the uncertainties in using low-redshift spectral energy distributions are large, particularly in the ultraviolet, the Johns Hopkins method adopts a more empirical approach to the problem of photometric redshift prediction. Using recent spectroscopic redshift survey data as a training set, an empirical relation between the photometric properties of galaxies (their fluxes and colors) and their redshifts is derived. For the HDF a correlation between the optical and followup near-infrared J band photometry and redshift is derived. A third-order polynomial in the F 300W , F 450W , F 606W , F 814W and J passbands is fit to the 73 galaxies with previously published spectroscopic data (Cohen et al 1996 , Steidel et al 1996 , Lowenthal et al 1996 . This relation is applied to those galaxies without spectroscopic redshifts. The inclusion of the near-infrared data significantly improves the precision of the photometric redshift relation, primarily for z > 1, because the ∼4000Å break moves out of the optical spectral region and into the near-infrared at these redshifts. For star-forming galaxies, the ultraviolet continuum from Lyman α (1215Å) to ∼3000Å is relatively devoid of strong features, and consequently there is little information in the optical photometry from which to estimate redshifts between 1 < z < 2. Incorporating the J band alone extends the redshift interval over which reliable photometric redshifts can be obtained to z ∼ 2. Full details discussing the derivation and application of this photometric redshift technique can be found in Connolly et al (1995) , SubbaRao et al (1996) , Brunner et al (1997) and Connolly et al (1997) .
Stony Brook
The Stony Brook technique is essentially that of Lanzetta et al. (1996) , but takes advantage of ground-based near-infrared images of the HDF . A more detailed description of this work is presented elsewhere (Fernández-Soto et al. 1997) . Flux measurements of every object in the HDF optical images are performed using identical apertures on all four filters. For every object, its aperture is given by a mask determined by the set of pixels that the SExtractor program (Bertin & Arnouts 1996) assigns to it in the F814W image. By convolving the F814W image of each source within its mask aperture with the appropriate near-infrared (J, H or K band) PSF and normalizing, a model of the infrared images can be created. This procedure makes the assumption that morphology is not a strong function of wavelength. The model has as parameters the fluxes of every object in the J, H and K bands. This model is fitted to the data to provide matched near-infrared fluxes for every object together with their errors. These fluxes are compared to the expected fluxes from the model SEDs ; the SEDs are essentially those of Coleman, Wu & Weedman 1980) , extended to the near-infrared according to the models of Bruzual and Charlot (1993) . Intergalactic HI absorption was taken into account as described in Lanzetta et al. (1996) . No galaxy-star separation was performed, but obviously stellar sources were removed after visual inspection; this can lead to some misassignations of non-zero redshifts to stars.
Results
Different groups make predictions for different total numbers of sources because their catalogs are selected in different bands with different algorithms over different areas.
As Table 3 shows, all photometric-redshift techniques surveyed here do well, with many sources in agreement with spectroscopy at the |∆z| < 0.1 level. When only multi-feature spectroscopic redshifts are considered, most techniques show better than 68 percent agreement at the |∆z| < 0.1 level and all show 90-100 percent agreement with spectroscopy at the |∆z| < 0.3 level (when stars are removed from the Stony Brook catalog). Unfortunately, the spectroscopic sample does not include sources past z = 1.4, so only lower redshifts are tested. The results of this study should be considered encouraging for those interested in using photometric redshifts to define spectroscopic samples and estimate luminosity functions at 0.4 < z < 1, with the caveats that the photometric data here are of higher-than-average quality and that it will be necessary to perform studies with a larger number of redshifts to make a rigorous test and to characterize systematics. The results are shown graphically in a redshift-redshift diagram in Figure 1 , in a redshift-error-redshift diagram in Figure 2 , and in redshift-error histograms in Figure 3 . No strong systematic discrepancies between photometric and spectroscopic redshifts are evident, although given the small number of sources only systematic effects larger than about 0.2 in redshift over the tested redshift range could be detected. For all groups the 95-percent error region in |∆z| is more than twice the size of the 68-percent; this provides some evidence that the discrepancies between photometric and spectroscopic redshifts are not gaussian-distributed.
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